Abstract-The energy storage and attitude control subsystems of the typical satellite are presently distinct and separate. Energy storage is conventionally provided by batteries, either NiCd or NiH, and active attitude control is accomplished with control moment gyros (CMGs) or reaction wheels. An overall system mass savings can be realized if these two subsystems are combined using multiple flywheels for simultaneous kinetic energy storage and momentum transfer. Several authors have studied the control of the flywheels to accomplish this and have published simulation results showing the feasibility and performance. This paper presents the first experimental results showing combined energy storage and momentum control about a single axis using two flywheels. 
INTRODUCTTON
The NASA Glenn Research Center has been developing the technology necessary for the use of flywheels on future spacecraft for the last several years. Flywheels, as energy storage devices, offer several advantages over conventional batteries. These include a longer life, greater depth of discharge, less complex thermal management and easier state of charge measurement (rotor speed). In addition, flywheels can also be used as momentum wheels for attitude control. This presents the opportunity to combine two satellite subsystems, energy storage and attitude control, into one, resulting in a lower overall system mass. Several authors have studied this possibility and theoretically proved the feasibility of the idea [1, 2, 3, 4] . These papers are generally written from the perspective of the attitude control engineers. In this paper, the control is developed from the power system and motor control perspective.
To combine energy storage and attitude control, there must at a minimum be one flywheel for each degree of freedom required. For example, for one axis of attitude control plus energy storage there must be at least two flywheels; for three axes of attitude control plus energy storage there must be at least four flywheels. More flywheels may be desired in the final configuration for redundancy purposes.. The control laws in any case would be similar-the flywheels must be controlled to simultaneously provide the required torque on the spacecraft for attitude control and provide the correct power to the system as an energy storage device. In addition, these functions should be independent, so that a change in the power required by the system does not result in a disturbance torque to the spacecraft and a change in the attitude of the spacecraft does not result in a change in the electrical power available to the loads.
The NASA Glenn Research center has taken the first steps toward demonstrating this technology. Successful energy storage capability was first experimentally demonstrated with a single flywheel in charge, discharge and charge reduction modes [5, 6, 7] . Next, a control algorithm was developed and simulated to combine single axis attitude control and energy storage [8] . Finally, an experimental facility with two flywheels was constructed so that simultaneous single axis attitude control and energy storage could be demonstrated. Using this facility, this paper will present the fust experimental verification of the combined attitude control and energy storage concept. 
CONTROL ALGORITHM DEVELOPMENT
The innermost loop of the overall control algorithm is based on a motor control technique known as field orientation control. This technique allows accurate, high bandwidth torque control of the flywheel motorigenerator by regulating rotor reference frame currents that are DC in the steady state. A general description of field orientation of permanent magnet machines can he found in [9] and a specific discussion of the motor control techniques used in the flywheel program can he found in [10, 11] . The description of the overall flywheel system control given in this paper assumes a basic familiarity with the field orientation technique.
Overall Control Derivation
The single axis system to be controlled is shown schematically in Figure 1 . It consists of two flywheels mounted on an air-hearing table. 
Figure 1 -Test Facility Schematic
Electrically, the motorigenerator of each flywheel is connected to the same dc bus through its own inverter and filter as shown in Figure 2 . In charge mode, the DC current, Iflyub..l, is positive and the speed of the flywheels is increasing. In discharge mode, the flywheels are decreasing in speed and providing power to the DC bus. The AC electrical power supplied to the motor can be expressed using the motor currents and voltages expressed in the rotor reference frame.
The motor currents are controlled such that iL is regulated to 2 zero and thus (2) reduces to (3) Equation (4) gives the motor voltage, vis, from [9] .
(3)
Assuming steady state conditions (under field orientation control, the quantity if is DC in steady state) and neglecting the resistive drop (which is generally small compared to the back EMF term, mrXrr), (4) reduces to (5) .
Substituting ( 5 ) into (3) results in the expression for the steady state AC electrical power of the motorigenerator.
Note that if if is positive and the machine is spinning in the positive direction as defined by Flywheel I in Figure 1 , then the power is positive. This means that the machine is motoring (charging). Similarly, if if is negative, the power is negative, implying that the machine is generating (discharging). Thus charge and discharge of the flywheel can he regulated by properly controlling if.
If the invertedfilter losses are neglected, the DC power supplied to each flywheel is approximately equal to the AC power shown in (6) in steady state. The total flywheel power for the system is the sum of the power for each individual flywheel.
.
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wrlhan+ 71:~~ ~h~~~ Equations ( I ) and (7) form the fimdamental basis for the control of the two flywheels to achieve simultaneous attitude control and energy storage. In (I), the control variable is the motodgenerator torque, t , , , while in (7) the control variable is the motor/generator current, if. To combine the two equations, the relationship between the motor/generator torque and current must be used and that is given in (8) .
With ik regulated to zero, it becomes (9) Combining (I), (7) and (9), the system control can either be expressed in terms of motorlgenerator torque, as in (IO) , or motodgenerator current, as in (1 I).
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Note that (IO) can he modified to include additional flywheels and axes of control by determining the relationship between the torque produced by each flywheel motor and its effect on each axis. This will depend on the geometry of a particular configuration but in general, the lefl hand side vector of (IO) will be of length (Nsxc8 + 1) and the right hand side vector will be of length (NO,~,L,). Equation (11) can then be determined from (IO) and (9) for an arbitrary number of flywheels.
Determining Commanded Control Quantities
In our system, fast motor torque control is achieved through the use of the field orientation technique and a high bandwidth synchronous frame current regulator [12] . Thus it is most useful to solve (11) for the necessary motor currents given a commanded value of table torque and DC power. This is shown in (12) . Equation (12) is the same result first given in reference [PI; however, here it is expressed more generally in matrix form. is commanded directly. There is no closed loop control on the torque applied to the table.
The power command, Pic, is the result of the DC bus regulation algorithm that is described in detail in [5, 6, 7] . It will also he summarized here.
Power Regulation
There are three modes of operation for the batteries in a spacecraft power system: charge, charge reduction and discharge. The control for the flywheel system in this experimental demonstration is constructed in the same fashion so as to facilitate the eventual demonstration of flywheel energy storage on a spacecraft.
In charge mode, the solar array produces enough current to charge the flywheels at a setpoint and to provide the required load current. The solar array electronics regulate the DC bus voltage during charge mode.
In charge reduction mode, the solar array continues to provide load current but it cannot provide enough current to charge the flywheels at the setpoint. When this occurs, the DC bus voltage regulation function is transferred to the flywheel system. Finally, in discharge mode, the flywheel system provides all of the load current and regulates the DC bus voltage. The features of each mode are given in Table 1 using the variables defined in Fig. 2 where l&argc is the commanded charging current. In charge mode, the power command, P;?, is determined from the combination of a feed-forward term and a feedback term as shown in Figure 3 . The feed-forward term is simply the commanded charging current. In an ideal world, where all parameten are known perfectly, this would be sufficient. The feedback term is derived from the comparison of the measured current and the commanded current. It provides error compensation that forces Inwh.., to track the commanded value. Using the feed-forward term allows the gains on the PI portion to be set much lower than otherwise necessary and results in fast response with less noise on PIc.
& lflywhel

Figure 3-Charge Mode Controller
In charge reduction and discharge modes, the flywheel system must regulate the DC bus voltage. The block diagram for this algorithm is shown in Fig. 4 . Again, there are two components to the controller: the PI portion and a disturbance decoupling (DD) portion. In the decoupling portion, the DC current is measured and used as an early indicator to the controller whether there has been an increase or decrease in load. If there is a sudden increase in load, the capacitor will initially maintain the bus voltage and there will be an increase in the DC current, lflywhccl, to supply the new load. This increase in lflywhccl is used by the controller increase the DC power command, 2?ic, even before a drop in the DC bus voltage causes the PI portion to respond.
Figure 4-Discharge and Charge Reduction Controller
In the PI portion the measured DC bus voltage is compared to the commanded DC bus voltage and the error signal is inverted. This is because (using the direction references of Fig. 2 ) if the DC bus voltage is decreasing, there needs to be an increase in the average inverter current to charge the capacitor and increase the bus voltage, and if the DC bus voltage is increasing, there needs to be a decrease in the inverter current. The PI portion makes up for any inaccuracies in the disturbance decoupling portion and maintains the DC bus voltage at the set point.
The transition from current regulation ( This value is then compared to the charge current set point, charge. If it is less than charge, which it will be if the solar array is not producing enough current, then the system transitions into charge reduction mode where the DC bus voltage is regulated by the flywheel system.
Similarly, as the system moves from eclipse into sunlight, the solar array will produce more and more current. When the solar array produces enough current to meet the load demand, the i Lv command at point 2 in the controller will become positive. When it exceeds the charge current set point, [ Eharge, the integrator in the current regulator portion of the controller is reset and the system transitions back into charge mode where the flywheel system regulates the current into the flywheel and the solar array system regulates the DC bus voltage.
\<"IC! 4 "
FF , A* w 4 It is important to note that the three modes of operation, charge, charge reduction and discharge, were originally defined based on a battery energy storage system. The flywheel energy storage system is capable of regulating the DC bus voltage at all times, both when charging and discharging, obviating the need for current and voltage regulation modes and the transition between them. This would result in an overall simpler control strategy, even when considering the necessary provisions to prevent overspeed or over-current operation. This modification of the control will be investigated in future efforts.
Overall Control Block Diagram
The overall system control block diagram is given in Figure  6 . Each portion of the controller has been clearly defmed and labeled, with references to the corresponding equations if appropriate. Although complex, the control can be broken down into manageable blocks as shown such that improvements in a particular area can be individually developed. For example, a different power and attitude control algorithm block could be evaluated while the rest of the control remained the same.
SMJLATION AND EXPERIMENTAL ASSUMPTIONS AND CONDITIONS
The next four sections will present a combination of simulation and experimental results. First, the simulation and experimental conditions and equipment will be described in this section. In the next section, the baseline set of simulation and experimental results will be given for the control as described thus far, in particular, Fig. 6 and equation (12) . It will he seen that there are some transient disturbances that occur on the power bus due to a step change in the case where the control algorithm is modified to include the motor and AC side resistances. This modification improves the disturbance rejection of the power system bus during table torque command transients. Finally, in Section 6 , a set of experimental results will he presented to show the effect of spinning the two flywheels "backwards" relative to the first two sets of data.
The simulations were done using Matlab/Simulink' and were based on the block diagram of Figure 6 . The PM motors were simulated based on standard motor equations [SI. The switching of the voltage source inverter was not modeled (PWM harmonics were not considered) and the stator resistance of the motor model was increased to account for the switch, conductor and filter resistances for the simulation results in Section 5.
The important control parameters for the two flywheels, known as High Speed Shaft (HSS) and Development 1 (Dl), are given in Table 2 . It can be seen that the two flywheels are very dissimilar in terms of voltage rating, inertia, back EMF constant and number of motor poles.
The use of these two flywheel units was dictated by budget and availability constraints. In any actual flight system, the two flywheels would be designed identically and any differences would he due only to manufacturing tolerances. Although less than ideal, the fact that we can control the system with two different motors and two very different inertias is a testament to the robustness of the control technique.
- The experimental tests were limited to speeds of 12,000 rpm or less because the magnetic bearings for the system had not yet been optimally tuned for higher speed operation.
The initial simulation speeds were set to 11,000 rpm to be in the range of the experimental conditions.
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' Trade names or manufacturers' names are used in this report for identification only. This usage does not constitute an official endorsement, either expressed or implied, by the National Aeronautics and Space Administration. Table Natural Response The air table dynamics, with the load cell attached, were measured and then modeled to fit the measured data. The air table was moved from an equilibrium position and allowed to return lo equilibrium without the influence of the flywheel motors as seen in Fig. 7 . This response was modeled as a second order system with a damping factor of .0186 and a natural frequency of 8.57 Hz. Using these factors, the simulated response is also shown on Fig. 7 .
Each set of data is grouped according to the three general test conditions listed in Table 3 . These tests demonstrate a representative range of functionality for the combined flywheel system energy storage and single axis attitude control. Por each test, a set of data is presented that includes the DC currents (defined in Fig. 2 ), the DC bus voltage, the torque on the air table, the motor speeds and the motor phase currents. In this section, the functionality of the control in the c b e and discharge modes with a zero torque command on the table is shown with simulation and experimental results. Figures 8 through 13 give the simulation results and Figures 14 through 19 give the experimental results for the Test 1 conditions. Point "a" is a transition from one commanded current value to another while in charge mode, 6 point "h" is a transition from charge to discharge mode, point "c" is a step change in the electrical load and point "d" is a transition from discharge to charge mode. (Note: point "d" is not shown in the experimental results because the time capture setting was too small. This will be modified in the next publication on this work.) The table torque command is set to 0 N-m throughout these tests. Figure 8 shows the total flywheel current following the step change in the charging current command, It also shows the source current transitioning to zero and the flywheel current going negative to supply the entire load as the system moves from charge to discharge mode. A negative system flywheel current indicates that the flywheels are providing the power to the system; a positive flywheel current indicates that energy is being stored in the flywheels. Figure 14 gives the same information for the experimental case.
Figures 9 and I5 show the split in the total flywheel system current between the two flywheels, HSS and DI. In the experimental case ( Figure 15 ) the HSS and D1 currents are practically equal so that one masks the other in the plot. Figure IO shows the voltage change from the charge value of 125 volts to the flywheel regulated discharge value of 120 volts. It can be seen that there is a slight voltage transient when the power load is increased at point "c". Figure 15 is the corresponding figure for the experimental case. Figure 11 shows the flywheel rotor speeds. It can he seen that the HSS flywheel decelerates much more quickly than the D1 flywheel to provide the required power to the load while maintaining 0 torque on the table as seen in Figure  12 . Figures 17 and 18 are the corresponding experimental results.
Finally, Figure 13 shows the DI motor phase current envelope for simulation and Figure 19 is the corresponding experimental plot.
These plots demonstrate the functionality of the control in the charge and discharge modes with a zero torque command on the table.
Test 2
The next set of data demonstrates the functionality of the control in charge mode with a step change in the table torque. The Test 2 simulation results are presented in Figures 20 through 25 and experimental results are given in Figures 26 through 31. A step change in the charging current command is given at point "a", then a torque step command of +0.5 N-m is given at point "b, and at point "c" the torque command is returned to 0. (The step change in current command at point "a" is not shown in the experimental results.) Figure 20 shows the total flywheel current in charge mode during a step change in the table torque command. Figure  26 presents the corresponding experimental results. In both plots, it can be seen that a step change in the table torque results in a disturhance to the flywheel charging current.
The action of the PI control in the charge mode portion of the power controller (Fig. 3) is seen to bring the flywheel current back toward the commanded value. This disturbance is caused by an inaccurate Pi, command to the attitude control and bus regulation algorithm. The control algorithm is modified to correct this in the results presented in the Section 5.
Figures 21 and 27 show the individual flywheel currents during the torque step command for simulation and experimental results respectively. It can he seen that the HSS is discharging (negative DC current) while the D1 unit is charging (positive DC current) to exchange the correct amount of momentum to apply the commanded torque to the 
Test 3
This set of data demonstrates the functionality of the control in discharge mode with a step change in torque. To demonstrate torque control in both the positive and negative directions, a negative torque command is given for this case. The Test 3 results are presented in Figures 32 through 37 for simulation and Figures 38 through 43 for the experimental results. Point "a" corresponds to a step change in the charging current command, point "b" is the transition from charge mode to discharge mode, and point "c" is the torque step from 0 to -0.5 N-m. (Again, the step change in current command at point "a" is not shown in the experimental results.)
Figures 32 and 38 present the DC currents for simulation and experimental results respectively. The total flywheel current becomes negative when the system moves into discharge mode. Figures 33 and 39 show the individual flywheel currents during the torque step command for simulation and experimental results respectively. The HSS DC current is positive for a negative torque step and the D1 current is negative indicating that the HSS flywheel is charging while the D1 flywheel is discharging. Figures 35 and 41 show the corresponding flywheel speeds for simulation and experimental results respectively. Both flywheels initially start out discharging, but when the torque step is commanded, the HSS accelerates while the D1 unit discharges more quickly to provide both the electrical power and momentum transfer to the HSS necessary to meet the -0.5 Nm torque command. Otune, seconds Figures 34 and 40 show the DC bus voltage. The torque step occurs while the system is in discharge mode (the flywheel system is regulating the DC bus) and it can be seen that there is a disturbance on the bus voltage at the torque step. Similar to the Test 2 results, this occm because an inaccurate W,' command is given to the attitude control and bus regulation algorithm. This also is corrected by the control algorithm change presented in the next section.
Figures 36 and 42 show the table torque response to the step change command. In the simulation case, the torque follows the commanded value exactly. However, experimentally, a steady state error is observed. This could be caused by using the wrong motor parameters in the control equations, specifically the back EMF constants h.m, and Amss could be somewhat inaccurate. This is investigated in Section 6. This initial series of tests, demonstrated both in simulation and experimentally, shows the functionality of the controller through several different combinations of power modes and torque steps. Three discrepancies were noted there was a disturbance in the charging current during charge mode when a torque step was applied, there was a disturbance in the bus voltage during discharge mode when a torque step was applied and the table torque did not reach the commanded negative value in the experimental results. The first two of these discrepancies, power disturbances due to torque steps, are addressed in the next section.
S~MULATION AND EXPERIMENTAL RESULTS:
PART B
In this section, the effect of modifying the control algorithm to include the AC resistance neglected in (4) is investigated. It will be seen in both simulation and experimental results that the modification of the control algorithm improves the power bus disturbance rejection during torque steps in both charge and discharge modes of operation.
Control Modification
In the original derivation of the control, the steady state motor voltage was calculated from (5) which neglected the AC voltage drop across the motor resistance. This was because it is generally true that this drop is small relative to the back EMF term, OAC.
However, in this case, the &R% term represents not only the voltage drop across the motorlgenerator resistance, but also the drop across the inverter switches, the AC filter and conductors leading to the machine. Neglecting it in this case tumed out to unexpectedly lead to a disturbance in either the charging current (charge mode) or DC bus voltage (discharge mode) during a step change in the motor torque. The revised equation for the AC power to include the resistive drop is given in (13).
(13)
The approximate total DC power then becomes
This expression is then combined with (I) and (7) to form the relationship between the DC power, the table torque and the motor currents as shown in (15).
It can be seen that the inclusion of the resistance term leads to a nonlinear expression relating the control variables, the motor currents, to the desired values of table torque and DC bus power. Thus it becomes more difficult to determine the commanded motor current values from the desired values of table torque and DC bus power. One approach to solving this is to linearize (14) about an operating point defined by the measured values of currents and then use the linearized equation in conjunction with equations ( I ) and (7) to form the matrix expression.
However, the approach used in this case is to use the matrix expression given in (15) Table Torque shown also for comparison. It can be seen that the modification reduces the charging current disturbance significantly both in simulation and experimentally.
Test 3 is the case where the torque step occurs while the system is in discharge mode. Simulation and experimental results for the DC bus voltage during the torque step are 
EXPERIMENTAL REsm~s: PART C
In this section, the cause of the steady state torque etmr observed experimentally for a negative step change in torque (Test 3, Fig. 42 ) is investigated. It is concluded that the error is not due to an error in the control algorithm or estimated motor parameters but rather is due to the mechanical characteristics of the load cell being used to measure the Figures 56 through 59 give the results for a negative step change in torque with the HSS spinning CW for Fig. 56 and 58 and CCW for Fig. 57 and 59 . In this case, there is a steady state error in the torque for either spin direction. ?he conclusion is that this error is due to the mechanical characteristics of the load cell and not due to any control inaccuracy.
CONCLUSIONS
The NASA Glenn Research Center has experimentally demonstrated the feasibility of combined single axis attitude control and energy storage using two flywheels. Although the concept of combining attitude control and energy storage has been studied previously in the literature, this is the fust experimental demonstration of such a system. Torque steps during charge and discharge modes and load bower) steps while maintaining DC bus regulation have all been demonstrated. Additionally, decoupled torque and power control was improved by modifying the original control to include the effects of resistive drops on the AC side of the Step system. The overall system control is accomplished by the integration of three techniques: a position sensorless field orientation algorithm for the inner loop motor control, a charge/discharge algorithm for power regulation and an outer loop control to simultaneously achieve commanded single axis torque and electrical power.
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